The inclusion complexation of flavanone with β -cyclodextrin was studied by ultraviolet absorption, steady state fluorescence, time-resolved fluorescence, and 2D ROESY nuclear magnetic resonance spectroscopic techniques. 
Introduction
Cyclodextrins (CDs) are bucket-shaped cyclic oligosaccharides, mostly consisting of 6, 7, and 8 glucose units for α -CD, β -CD, and γ -CD, respectively. They have nonpolar cavities capable of accommodating a large variety of molecules to form inclusion complexes. 1 Release of molecules from the cyclodextrin-bound condition and encapsulation of toxic groups lead to widespread applications in pharmaceutical chemistry, food technology, and analytical chemistry. 2−7 Efforts have been spurred to understand the inclusion complexation between CDs and several types of guest molecules. The encapsulation alters the properties of the guest molecule, which is protected against the aqueous medium from light, oxidants, or reactive attacks. A large number of studies found in the literature regarding the CD formulation of drugs have been carried out from a biomedical standpoint.
8−10
The stoichiometry, the binding constant, and the geometry of the complex are necessary to draw a complete picture of the driving forces governing the small molecule-CD interaction.
Flavanones, originally isolated from natural sources, are an important class of naturally occurring bioactive compounds. Flavanone derivatives have been reported to possess a variety of biological activities including anticancer, 11 antimitotic, 12 antiinflammatory, 13 antimalarial, 14 antiangiogenic, 15 antiinfective, 16 antioxidative, 17 and antiproliferative 18 activities. Flavanones have attracted significant interest from chemists, biochemists, and pharmacologists due to their ample range of pharmacological activities and their uses as intermediates in the synthesis of various classes of bioactive compounds.
Small molecules that bind to DNA are of 2 types: intercalating and nonintercalating. Intercalation into DNA consists of the binding molecules fitting between adjacent base pairs of DNA. The molecule is almost perpendicular to the DNA helix axis and is in close contact with the DNA base pairs. 19 Aromatic stacking interactions exist between the DNA base pairs and the dye molecule, and also occur between the DNA base pairs themselves. Nonintercalating dyes, due to bulkiness and other factors, bind to the outside of the double helical structure. 20 This occurs through groove binding or electrostatic binding. Groove binding involves molecules interacting with base pairs in either the major or minor grooves of DNA. This process widens the groove but does not elongate or unwind the double helix. In electrostatic binding, a cationic molecule is attracted to the anionic surface of DNA. These cations form ionic or hydrogen bonds along the outside of the DNA double helix.
In this paper we discuss (i) the mode and the strength of binding of flavanone (FL) with β -cyclodextrin (β -CD), and (ii) the effect of β -CD on the interaction of FL with calf thymus DNA (ctDNA), a model DNA. We explain that the selective blocking of the guest molecule, FL, by the host structure can lead to directing the mode of binding with DNA and that the host molecule can act as a vehicle to transport drugs onto DNA. We used 2D ROESY NMR for characterizing the structure of the host-guest complexes of FL with β -CD. Absorption spectroscopy, fluorescence spectroscopy, and molecular modeling were used for comprehending the mode and the strength of binding. Flavanone was chosen as it is the basic structural nucleus of the entire class of flavanones, which are of importance as explained earlier in this section.
Results and discussion
The chemical structures of flavanone and β -CD are shown in Figures 1a and 1b , respectively. 
Formation of the inclusion complex FL-β -CD
The inclusion complex formation of FL-β -CD was studied by keeping the concentration of FL fixed while that of β -CD varied from 0 to 1.2 × 10 −2 mol dm −3 . The absorption spectra of FL with various concentrations of aqueous β -CD are shown in Figure 2a . A hyperchromic effect was observed on the absorption bands at 254 and 321 nm upon the addition of β -CD solution with increasing concentration up to the maximum of 1.2 × 10 −2 mol dm −3 . Moreover, a blue shift of absorbance from 321 to 318 nm was observed due to migration of the fluorophore from the polar environment to the nonpolar microenvironment inside the cavity of β -CD. The absorption maximum and absorbance data are given in Table 1 . The plot of 1/(A -A 0 ) vs. 1/[ β -CD] is shown in Figure 2b . The observed absorption spectral data were used in the following equation:
Here A 0 is the absorbance of FL in water, A is the absorbance at each concentration of β -CD, and A ′ is the intensity of absorbance at the highest concentration of β -CD. K is the binding constant. Linearity was observed in the plot with the observed correlation coefficient (R) of 0.99 and it suggested that there was formation of a 
where f a is the fraction of the initial fluorescence that remains accessible to the quencher. The modified form of the Stern-Volmer equation allowed f a and K a to be determined graphically as shown in Figure 3c . A plot of Table 2 . The decay profile of FL in water was bi-exponential, suggesting that it has emission originating from 2 excited states. One is from the locally excited state and the other from the more polar excited state. There was a decrease in the relative amplitude of the shorter lifetime species (T1). The relative amplitude of the longer lifetime (T2) species increased with an increase in the concentration of β -CD from 0 mol dm A systematic change in fluorescence lifetimes with an increase in the concentration of β -CD is an indication that a small fraction of the free FL and a greater amount of the FL-β -CD complex are present in solution.
The marked decrease in the shorter lifetime was due to increased microviscosity caused by the added β -CD.
In the excited state, microviscosity plays a predominant role compared to micropolarity. 22 The increase in the abundance of the species with a longer lifetime species in the presence of β -CD is due to the confinement effect offered to the guest (FL) within the β -CD cavity. When we added the third component to the fitted function, lifetimes. However, the lifetime of the complex did not change appreciably at high concentration of β -CD, suggesting that the complex-formation equilibrium was already shifted towards the complex side at much lower concentration of the added β -CD (1.0 × 10 −3 mol dm −3 ). In fact, compared to the concentration of FL, the concentration of the added β -CD was many-fold higher. The formation of the inclusion complex of FL with β -CD was further confirmed by the NMR spectra of the inclusion complex. Table 3 
Binding studies of FL with β -CD/ctDNA
The FL molecule exhibited 2 absorption bands at 255 and 324 (Figure 7a Figure 7b ) by using the equation
where A 0 and A are the absorbance of the free guest and the apparent one, and ε G and ε H−G are their absorption coefficients, respectively. The possibility of the presence of hydrogen and electrostatic interactions was optimized from the molecular modeling techniques. The modeling study showed that there was no 
Experimental section

Materials
Flavanone (purity 98%) was purchased from Sigma-Aldrich, India, and β -cyclodextrin (purity 98%) was bought from Hi Media, India. ctDNA (purity 90%) was purchased from Genei, Merck, India. These chemicals were used as received. All the solvents used from Merck were of spectral grade and were used as received without further purification. 
Preparation of test solutions
Test solutions were prepared by the appropriate dilution of stock solutions of FL and β -CD. Owing to the poor solubility of FL in water, the stock solution was made with methanol. In the test solutions the concentration of methanol was 1%. The purity of ctDNA was checked from optical measurements (A 260 /A 280 > 1.8, where A represents absorbance). ctDNA was dissolved in NaCl (50 mM) to obtain the desired concentration and acetate buffer solution (pH 3.5) was used to prepare the test solutions. Binding of FL to the β -CD-ctDNA was studied by the appropriate dilution of the stock solutions FL (1 × 10
and ctDNA (2.3 × 10 −4 mol dm −3 ). All the experiments were carried out at an ambient temperature of 25 ± 2 • C. Homogeneous test solutions were obtained after the addition of all additives. The absorption and fluorescence spectrum were recorded against appropriate blank solutions.
Instrumentation
Absorption spectral measurements were performed using a double beam UV-visible spectrophotometer (Jasco V-630) using 1-cm path length cells. A spectrofluorimeter (PerkinElmer LS55), equipped with a 120-W xenon lamp for excitation, was used for the measurement of fluorescence. Both the excitation and the emission bandwidths were set up at 4 nm. Time-resolved fluorescence measurements were obtained on a time-correlated single photon counting HORIBA spectrofluorimeter using an LED source. An ultrasonicator, PCI 9L 250H (India), was used for sonication. 2D ROESY NMR spectra were recorded on a Bruker AV III instrument operating at 500 MHz with DMSO-d 6 as solvent for the FL-β -CD complex. Tetramethylsilane (TMS) was used as an internal standard. The chemical shift values were obtained downfield from TMS in parts per million (ppm). The mixing time for the ROESY spectra was 200 ms under the spin lock condition. The interaction of FL with β -CD and DNA was determined by molecular modeling using the software Schrödinger, Glide 5.5. B-DNA was used as a model for the theoretical studies. The structures of β -CD and duplex 5 ′ -d(CCATTAATGG) 2 -3 ′ were built and optimized by molecular mechanics. 25, 26 The bond length and breadth of FL were calculated using Rasmol (Version 2.7.5.2) software 27 and the results are given in Figure 13 . 
Conclusions
Inclusion complexation of FL with β -CD occurs with a 1:1 stoichiometry with the phenyl group encapsulated with β -CD. The inclusion of the phenyl group of FL inside the cavity of β -CD is confirmed by the results obtained from absorptimetric titrations. The benzopyranone part of FL is involved in interaction with ctDNA in both the absence and the presence of β -CD. A decrease in the binding constant of FL with ctDNA is caused due to the presence of β -CD, which is driven by the inclusion complexation of the phenyl substitution of FL with β -CD. Thus, the β -CD acts as a carrier by the holding the phenyl group of FL and provides the benzopyranone part of FL for DNA binding. This can improve the availability of FL for binding with DNA.
